Background: The temporally dynamic changes of CD25 and Foxp3 expression in CD4+ T cells are initiated by T cell receptor (TCR) signals strength or frequency. There is a deficiency of peripheral markers for assessing COPD activity, and the current study was conducted to explore whether peripheral CD4+ T cell populations based on CD25 and Foxp3 expression could serve as an indicator for COPD inflammatory activity. Methods: The distribution and phenotypic characteristics of CD4+CD25±Foxp3± T cells from peripheral blood in different populations were determined by flow cytometry. The model for the differentiation of CD4+ T cells populations by CD25 and Foxp3 expression was explored in vitro. Results: The frequencies of peripheral CD4+CD25+Foxp3− T cells and CD4+CD25+Foxp3 + T cells were increased in AECOPD patients, whereas the frequency of CD4+CD25−Foxp3 + T cells was increased in SCOPD patients without receiving systemic treatment. Phenotypic analysis revealed that CD4+CD25+Foxp3− T cells, CD4+CD25+Foxp3+ T cells and CD4 +CD25−Foxp3+ T cells had received antigenic stimulation and resembled central memory or effector memory T cells. The differentiation of CD4+ T cells populations by CD25 and Foxp3 expression was dictated by TCR signals. The paired study indicated that the frequencies of CD4+CD25+Foxp3− T cells, CD4+CD25+Foxp3+ T cells and CD4+CD25− Foxp3+ T cells were decreased while the frequency of CD4+CD25−Foxp3− T cells were increased in the same patients from AECOPD to convalescence. Conclusions: Collectively, we propose that the dynamic changes of CD4+ T cell populations by CD25 and Foxp3 expression could function as potential biomarkers for reflecting inflammatory activity in COPD.
Introduction
Chronic obstructive pulmonary disease (COPD) is a multidimensional disease that involves the initiation, progression, and consolidation of inflammation in the airways, parenchyma and pulmonary vasculature. 1 Patients with COPD are vulnerable to exacerbations, defined as episodes of increasing respiratory symptoms that are usually associated with increased airway inflammation and systemic inflammatory effects. 2 COPD exacerbations are mainly triggered by bacteria, viruses or environmental agents. Frequent exacerbations accelerate the processes of progression and consolidation, resulting in the deterioration of pulmonary function and the increasing risk of mortality in patients with COPD. 3, 4 Therefore, early and timely detection of the pathogenic process of COPD will be of great significance in the management of patients with COPD. The inflammation in the lungs of patients with COPD is associated with inappropriate immune activation, especially of the adaptive immune system. 5, 6 There is an increase in the numbers of lymphocytes in both sputum and airway biopsies of patients with COPD. 7, 8 Inflammation in the lung results in an "overspill" into the circulation, causing systemic inflammation. 9 There are few universally-accepted circulating biomarkers for the activation status in peripheral blood. Activation of T cells via T cell receptor (TCR) stimulation leads to widespread alterations in cell cycle, metabolism and protein expression. CD25 and Foxp3 are transiently up-regulated in human CD4+CD25− T cells in vitro after TCR stimulation, 10, 11 suggesting that CD25 and Foxp3 expression are not specific for regulatory T cells (Tregs) and may sometimes be only a consequence of the activation status. The dynamic changes of CD25 and Foxp3 expression have been also shown in an in vivo model in which the CD25+Foxp3− population occurs in the earliest time after receiving TCR signals, the CD25−Foxp3+ subset is enriched with Foxp3+ cells after the aborted TCR signaling, and CD25+Foxp3+ T cells differentiation is induced by persistent TCR signals. 12 Our recent study first found that peripheral CD4+CD25−Foxp3+ T cells were significantly increased in stable COPD patients (SCOPD), and CD4+CD25 +Foxp3+ T cells could transdifferentiate into CD4+CD25 −Foxp3+ T cells via the influence of TGFβ1 following the aborted TCR signaling in vitro. 13 Hence, we speculate that peripheral CD4+ T cell populations by CD25 and Foxp3 expression may hold potential as peripheral biomarkers to identify the inflammatory activity or the therapeutic effects by analyzing their temporally dynamic changes in COPD patients.
To verify this hypothesis, we further explored the distributions and phenotypes of CD4+ T cell populations by CD25 and Foxp3 expression in different populations and then investigated paired samples from the same patients both at the onset of acute exacerbation of COPD (AECOPD) and during the stable state. Our results show that dynamic changes of CD25 and Foxp3 expression in CD4+ T cells occurred in the different phases of COPD, and provide evidence supporting CD4+ T cell populations by CD25 and Foxp3 expression as a potential biomarker to predict the disease activity and clinical efficacy of treatments.
Methods

Study design and subjects
This is largely a pilot study. The recently published cohort including 22 never-smokers with normal lung function, 18 asymptomatic smokers with normal lung function, 28 SCOPD patients and 24 AECOPD patients was reanalyzed; the clinical characteristics of subjects have been presented in detail previously. 13 Another cohort including 18 AECOPD patients were designed and further studied in the paired population (Table 1 ). All patients with SCOPD were initially diagnosed and had not received any systemic treatment including anticholinergics and glucocorticoids within 4 weeks prior to the study. Patients with AECOPD were diagnosed at the initiation of exacerbated COPD symptoms, which required hospitalization within the previous 72 h without any new therapeutic intervention. After admission to hospital, AECOPD patients 
Sample collection and processing
Peripheral blood samples were collected in heparin-treated tubes from each subject and, within 1 h, used for peripheral blood mononuclear cell (PBMC) isolation from never-smokers with normal lung function, asymptomatic smokers with normal lung function, SCOPD patients and AECOPD patients. Each blood sample was immediately placed on ice. PBMC were isolated from heparinized blood by Ficoll-Hypaque gradient centrifugation (Pharmacia, Uppsala, Sweden) to determine T cell subsets and purify subsets of CD4+ T cells.
Cell isolation
Naive CD4+ T cells from PBMC were isolated by negative selection with a naive CD4+ T cell isolation kit (Miltenyi Biotec, Bergisch-Gladbach, Germany), according to the manufacturer's instructions. The purity of cells was ≥97%, as measured by flow cytometry.
Activation of naïve CD4+ T cells in vitro
Purified naive CD4+ T cells ( 5×10 5 ) were cultured in 1 mL RPMI 1640 medium containing 10% fetal bovine serum (FBS) in 48-well plates and stimulated with plate-bound anti-CD3 (OKT3; 5 μg/mL; eBioscience, USA) and soluble anti-CD28 mAb (5 μg/mL; eBioscience) in the presence of IL-2 (5 ng/mL; PeproTech, USA) for 7 days; during culture, mix the cells with the pipette 10 times every two days. To observe CD25 and Foxp3 expression, cells were harvested every other day and subsequently labeled with the corresponding mAbs conjugated with fluorescent molecules.
Flow cytometry
The expression of surface markers and the intracellular molecules by T cells were determined using flow cytometry. Cells were stained with the following antibodies: anti-CD4-FITC (clone: RPA-T4), anti-CD25-PE-Cy7 (clone: M-A251), anti-CD45RA-APC (clone: HI100), anti-CD45RO-BV421 (clone: UCHL1), anti-CD62L-BV510 (clone: DREG-56), anti-CD69-BV421 (clone: FN50), anti-CD95-BV421 (clone: DX2), and antiFoxp3-PE (clone: 236A/E7), which were purchased from BD Biosciences or eBioscience. After fixation and permeabilization (eBioscience), intracellular protein was labeled with the corresponding mAb conjugated with fluorescent molecules, according to the manufacturer's instructions. Flow cytometry was performed on a BD LSRFortessa X-20 and analyzed with FlowJo V10 software.
Statistics
The Shapiro-Wilk test was used to evaluate the distribution of variance. For data distributed normally, comparisons between different groups were analyzed by either two-tailed paired t-test or one-way analysis of variance (ANOVA) followed by Bonferroni`s multiple comparisons test. The Wilcoxon signed-rank test or a Kruskal-Wallis one-way ANOVA on ranks was used to compare data with a non-normal Distribution. Data are expressed as the mean ± SEM (unless indicated in the figure legends). Preliminary receiver operating characteristic curves were drawn, and areas under the curves (AUCs) were calculated to determine the capacity of peripheral CD4+ T cell subsets to differentiate the activity of COPD. The optimum cut-off values were defined based on their maximum Youden index (sensitivity+specificity−1). All statistical data were analyzed using SPSS version 16.0 Statistical Software (Chicago, IL, USA), and p<0.05 was considered statistically significant.
Results
Proportions of peripheral CD4+CD25 ±Foxp3± T cells in different populations
We first investigated the differences in the frequencies of CD4+CD25−Foxp3− T cells, CD4+CD25+Foxp3− T cells, CD4+ CD25+Foxp3+ T cells and CD4+CD25−Foxp3+ T cells in different populations. Our previous study has revealed that the frequency of peripheral CD4+CD25 +Foxp3+ T cells were increased in AECOPD patients in comparison to never-smokers with normal lung function, asymptomatic smokers with normal lung function and patients with SCOPD, whereas the frequency of peripheral CD4+CD25−Foxp3+ T cells was increased in SCOPD patients. 13 Next, we further explored the frequencies of CD4+CD25−Foxp3− T cells and CD4+CD25+Foxp3− T cells in these populations. Similarly, we found that the frequency of CD4+CD25+Foxp3− T cells was significantly elevated in AECOPD patients; however, the frequency of CD4+ CD25−Foxp3− T cells in AECOPD patients was much lower than in never-smokers with normal lung function, asymptomatic smokers with normal lung function and patients with SCOPD ( Figure 1A -C). These data suggested that the dynamic changes of CD4+ T cell populations by CD25 and Foxp3 expression might hold potential as peripheral biomarkers to identify the inflammatory activity in COPD patients.
Phenotypes of peripheral CD4+CD25 ±Foxp3± T cells in COPD patients
Based on the Treg cell differentiation models, 12 we next investigated the phenotypic characteristics of peripheral CD4+ CD25±Foxp3± T cells through reanalyzing the expression profiles of CD45RA, CD45RO, CD62L, CD69 and CD95. High levels of CD45RO and CD95, but not of CD45RA, were detected in CD4+CD25 +Foxp3− T cells, CD4+CD25+Foxp3+ T cells and CD4+ CD25−Foxp3+ T cells in peripheral blood from SCOPD patients ( Figure 2F ). Thus, these data suggested that the frequencies of CD4+ T cell populations by CD25 and Foxp3 expression might fluctuate following the TCR signaling dynamics in COPD patients.
Validation of CD4+CD25±Foxp3± T cells differentiation models
Next, we determined the differentiation of CD4+ T cell populations by CD25 and Foxp3 expression in vitro. Naive CD4+ T cells were purified from peripheral blood of SCOPD patients and stimulated with plate-bound anti-CD3 and soluble anti-CD28 mAb. We observed that CD25 and Foxp3 were gradually upregulated in naive CD4+ T cells 7 days following the activation ( Figure  3A ), which are in agreement with previous studies demonstrating that their expressions are only a consequence of the activation status in virtually all activated T-cells. 10, 11 Interestingly, CD25 was expressed more rapidly than Foxp3, suggesting that CD4+CD25+Foxp3− T cells represent early activated T cells after encountering antigen stimulation ( Figure 3A and B). Our study further supported the CD4+CD25±Foxp3± T cells differentiation models proposed by Bending. 12 In combination with our recent study that CD4+CD25+Foxp3+ T cells could transdifferentiate into CD4+CD25−Foxp3+ T cells via the influence of TGFβ1 following the aborted TCR signaling in vitro, 13 we supplemented this differentiation model ( Figure 3C ).
CD4+CD25±Foxp3± T cells can reflect inflammatory activity in COPD
We further asked whether these cells were an effective marker to evaluate disease activity in COPD patients. We recruited 18 AECOPD patients and measured the frequencies of CD4+ T cell populations by CD25 and Foxp3 expression during the first 24 h of hospitalization, which were investigated again in the stable state. After receiving the standardized treatment regimen, substantial improvements were observed in respiratory symptoms and pulmonary function in COPD patients (Table 1) . Simultaneously, we observed that the frequencies of CD4 +CD25+Foxp3+ T cells and CD4+CD25+Foxp3− T cells and CD4+CD25−Foxp3+ T cells were decreased, whereas the frequency of CD4+CD25−Foxp3− T cells were increased in the same patients from AECOPD to convalescence ( Figure 4A and B) . Next, we made receiver operating characteristic curve analyses to assess the capacity of CD4+ T cell populations by CD25 and Foxp3 expression to differentiate the activity of COPD. Figure 4C ). Together, we come to the preliminary conclusion that the dynamic changes of peripheral CD4+ T cell populations by CD25 and Foxp3 expression could reflect inflammatory activity in COPD to a certain extent.
Discussion
COPD results from an aberrant inflammatory reaction of the lungs to cigarette smoke, pollutants, and infectious agents. Patients with more severe COPD are prone to frequent exacerbations. Reliable biomarkers are useful for predicting disease progression, disease instability and the response to current therapies in chronic inflammatory disease. In the present study, we observed dynamic changes in the percentages of CD4+ T cell populations by CD25 and Foxp3 expression in the different phases of COPD. Hence, we propose that peripheral CD4+ T cell populations by CD25 and Foxp3 expression can function as a potential biomarker for reflecting inflammatory activity and therapeutic effects in COPD.
To date, COPD is still diagnosed and treated according to the severity of airflow limitation, symptoms, and frequency of previous exacerbations, and not on the basis of underlying pathobiological mechanisms. Meanwhile, there is still debate about how exacerbations should be defined and graded, and their mechanisms are not totally understood. Clinically, patients with AECOPD were diagnosed at the initiation of exacerbated COPD symptoms. This situation greatly limits the implementation of a precision medicine strategy in COPD patients. Given the paucity of reliable peripheral biomarkers for disease activity, to a certain extent, the inflammatory response can be easily concealed by symptom tolerance in COPD patients. The GOLD classification can be used to discern groups of COPD patients, but due to the complexity and heterogeneity of the disease, this classification does not seem adequate as a basis for individual management plans in rehabilitation. An alternative to this conventional taxonomy would be a mechanism-based, unbiased approach that reflects the phenotypic heterogeneity and dynamic evolution of COPD. 14 Celli argues that analogous to the definitions used for the different acute events in the course of coronary artery disease (CAD), the acute events of the course of COPD can be classified into three different stages: unstable COPD, exacerbation and respiratory failure. 15 Considering that the disease may become more unstable and that symptoms worsen over a certain period of time, it is important to identify biomarkers of disease activity or surrogate measurements that will predict patients at risk for or experiencing an exacerbation. Hence, rethinking the definition of COPD exacerbation from a biological point of view enables a mechanistic approach to disease stratification, thus advancing clinical practice towards precision medicine. Currently, there is a deficiency of peripheral markers for assessing COPD activity. Vestbo et al use frequent exacerbations as an indicator of disease activity, particularly as a measure of exacerbation susceptibility. 16 From a biological point of view, exacerbations essentially represent an increase in the inflammation that is present in the stable state, with increased numbers of inflammatory cells in the blood.
2 COPD is associated with activation of circulating inflammatory cells and increased plasma levels of proinflammatory cytokines. 17 Frequent exacerbations, whether caused by bacterium, viruses or autoantigens, contribute to the activation of T cells through TCR signaling pathway. In the present study, we observed significantly increased proportions of peripheral CD4+CD25 +Foxp3− T cells and CD4+CD25+Foxp3+ T cells in patients with AECOPD, indicating that TCR triggering may result in CD25 and Foxp3 expression in T cells during exacerbation. Our phenotypic analysis revealed that CD4 +CD25+Foxp3− T cells, CD4+CD25+Foxp3+ T cells and CD4+CD25−Foxp3+ T cells had ever received antigenic stimulation and resembled central memory or effector memory T cells. Interestingly, the frequency of CD4 +CD25−Foxp3+ T cells was increased in SCOPD patients without receiving systemic treatment, indicating that CD4 +CD25+Foxp3+ T cells might transdifferentiate into CD4 +CD25−Foxp3+ T cells following the aborted TCR signaling. 13 Moreover, the paired study indicated that the frequencies of CD4+CD25+Foxp3− T cells, CD4+CD25 +Foxp3+ T cells and CD4+CD25−Foxp3+ T cells were decreased while the frequency of CD4+CD25−Foxp3− T cells were increased in the same patients from AECOPD to convalescence. However, the detailed mechanism by which CD4+ T cell populations by CD25 and Foxp3 expression fluctuate in different phases of COPD is not completely known. There are several potential explanations for the phenomenon in our study. First, mature naive T cells show proliferation, cytokine production and expression of early activation markers such as CD25, Foxp3 and CD69 upon antigen encounter. 13, 18, 19 We observed that the frequencies of CD4+CD25+Foxp3+ T cells and CD4+CD25+Foxp3− T cells were enriched for CD69+ T cells, suggesting that a portion of these cells were potential recently activated T cells in vivo. But we didn't exclude the possibility that CD69 expression was induced by interferon expression during inflammatory settings. 20, 21 Second, all AECOPD patients received the standardized treatment regimen including (but not limited to) a corticosteroid, a longacting β2 agonist, a long-acting muscarinic antagonist, antibiotics, and oxygen therapy. As potent anti-inflammatory and immunosuppressive agents, glucocorticoids are recommended in clinics for the treatment of patients with AECOPD. 22 Mechanistically, glucocorticoids can promote the resolution of the inflammatory response through inhibiting lymphocyte activation and promoting lymphocyte apoptosis. 23 Hence, it may also be the explanation that the increased frequency of CD4+CD25−Foxp3+ T cells did not occur in the same patients from AECOPD to convalescence due to the apoptosis of T cells caused by therapeutic intervention. Lastly, our study found that TGFβ1 could decrease CD25 expression on CD4+CD25+Foxp3+ T cells following the aborted TCR signaling in vitro. 13 COPD is an inflammatory disease and, therefore, the dynamic evolution of CD4+ T cell populations by CD25 and foxp3 expression reflect the dynamic processes of inflammatory state in such illness. Exacerbations are usually triggered by environmental agents, infections or autoantigens. After receiving antigen stimulation, mature dendritic cells expressing high levels of class II majorhistocompatibility-complex (MHC) proteins and some costimulatory molecules such as CD80 and CD86 migrated into local lymph nodes and presented antigens to T cells. 24, 25 TCR signals strength or frequency can influence effector T cell differentiation. 26 Bending thought that the CD25−Foxp3+ subset is enriched with Foxp3+ cells that have received relatively weaker and/or less sustained TCR signals. 12 Considering that a substantial proportion of patients with stable disease had bacterial colonisation in the lower airways, these patients had long-term exposure to chronic infection. 27 When pathogenic microorganisms proliferation exceeds a certain clinical threshold, symptoms of acute exacerbation appear. These relatively weaker stimulation like smoking and chronic infection may be favorable to the occurrence of CD4+CD25−Foxp3+ T cells. Hence, the frequency of CD4 +CD25−Foxp3+ T cells might reflect this special phase in COPD. However, the role of CD4+CD25±Foxp3± T cells in immune regulation in COPD remains to be fully investigated. Tregs play a critical role in controlling inflammatory immune responses and effector T-cell function by secreting inhibitory cytokines, such as TGFβ1 and IL-10. 28 Much attention has been given to CD4+CD25 +Foxp3+ T cells for their role in the maintenance of immune homeostasis in COPD. [29] [30] [31] 
Limitations
Many limitations in our study need to be taken into consideration. First, our current study is the relatively small sample size of the study group. Second, we did not distinguish patients with infection and noninfection in AECOPD because all AECOPD patients recruited in our study recently had respiratory infection. Thus, whether our results are generalizable to other types of exacerbations caused by noninfectious factors needs further study. Moreover, we did not discuss any inner link between CD4+ T cell populations by CD25 and Foxp3 expression and other markers such as erythrocyte sedimentation rate (ESR), hemoglobin, CRP, D-dimer, proinflammatory cytokines and other blood cells. There is also the caveat that the changes in the percentage of CD4+ T cell populations by CD25 and Foxp3 expression may reflect a general effect of inflammatory activity, which may not be specific to COPD. For example, the frequency of CD4 +CD25−Foxp3+ T cells in smokers without lung disease was much higher than in HC subjects, which might be associated with the fact that cigarette smoke extractinduced neutrophil extracellular traps drive plasmacytoid dendritic cell maturation and activation, initiating a Tcell-mediated immune response. 35 Finally, a large-scale prospective cohort study needs to be designed to further validate CD4+ T cell populations by CD25 and Foxp3 expression as biomarkers of disease activity and their potential pathogenicity in COPD patients followed up longitudinally.
Conclusion
In conclusion, we first linked dynamic changes in the percentages of CD4+ T cell populations by CD25 and Foxp3 expression with inflammatory activity in COPD patients. While the full mechanism of CD4+ T cells during disease progression requires further investigation, particularly with regards to the underlying pathological processes in COPD, our findings establish a framework for the development of a novel biomarker for the progression of inflammation and disease activity. The use of CD4+ T cell populations by CD25 and Foxp3 expression might eventually affect the treatment of COPD and facilitate a more precise, effective, and safer management of patients with this disease in future clinical applications.
